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We report here the functional analysis of human Regulator of Ribosome Synthesis 1 (RRS1) protein
during mitosis. We demonstrate that RRS1 localizes in the nucleolus during interphase and is dis-
tributed at the chromosome periphery during mitosis. RNA interference experiments revealed that
RRS1-depleted cells show abnormalities in chromosome alignment and spindle organization, which
result in mitotic delay. RRS1 knockdown also perturbs the centromeric localization of Shugoshin 1
and results in premature separation of sister chromatids. Our results suggest that a nucleolar pro-
tein RRS1 contributes to chromosome congression.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction found as a regulatory protein required for ribosome biogenesis inFaithful chromosomecongression requires the stable attachment
of the chromosomes to microtubules to facilitate chromosome
alignment by mitotic spindles [1]. Defects in kinetochore–microtu-
bule attachments lead to the activation of the spindle checkpoint
machinery to arrest cells in mitosis. A regulator of the spindle
checkpoint, Aurora B, responds to tension changes caused by abnor-
mal microtubule–kinetochore attachments [2]. Bub1 is also essen-
tial for the checkpoint control of correct chromosome congression,
by regulating the localization of Aurora B [3,4]. Accurate segregation
of sister chromatids in mitosis is preceded by two steps of cohesin
removal [5]. At prophase, cohesin along the chromosome arms is
removed through phosphorylation by Plk1/Aurora B. In the meta-
phase-to-anaphase transition, cohesin in the centromeric region
is removed by separase. Separase is inhibited by securin and Cdk1/
cyclin B1, whose expression levels are under the control of the spin-
dle checkpoint [6]. The untimely separation of sister chromatids is
preventedby Shugoshin (Sgo) through theprotectionof centromeric
cohesin [7].
In this report, we show that Regulator of Ribosome Synthesis 1
(RRS1) protein contributes to chromosome congression. RRS1 waschemical Societies. Published by E
ll interfering RNA; GFP, green
rine 10
ukui).yeast [8]. Yeast RRS1 is required for export of the 60S ribosomal
subunit from the nucleolus to the cytoplasm [9]. It also acts as
an assembly factor with Rpf2, which recruits rpL5, rpL11, and 5S
rRNA into nascent ribosomes [10,11]. Consistent with its ribosome
assembly function in yeast, a human RRS1 ortholog was identiﬁed
in a proteome analysis of nucleolar extracts [12,13]. Moreover,
RRS1 was also found in a proteome analysis of highly puriﬁed hu-
man chromosomes [14,15]. Thus, we embarked on the functional
analysis of human RRS1 during mitosis.2. Materials and methods
2.1. Cells and transfection
HeLa cells were maintained in Dulbecco’s Modiﬁed Eagle’s Med-
ium (Gibco BRL), supplemented with 5–10% fetal bovine serum
(Equitech-Bio Inc.). To analyze RRS1 localization during the cell cy-
cle, pEGFP-C1/RRS1 was transfected into HeLa cells using FuGene6
(Roche). Geneticin (Sigma) at 800 lg/ml was added 36 h after
transfection to select for stably-expressing cells.
2.2. Antibodies
The following antibodies against the indicated proteins, with
their corresponding dilutions and manufacturers, were used:lsevier B.V. All rights reserved.
1952 A.E. Gambe et al. / FEBS Letters 583 (2009) 1951–1956Abnova: RRS1 (mouse polyclonal, 1:200), Santa Cruz Biotechnol-
ogy: nucleolin (mouse monoclonal, 1:100), B23 (mouse monoclo-
nal, 1:200), ﬁbrillarin (mouse monoclonal, 1:200), Sigma: green
ﬂuorescent protein (GFP) (mouse monoclonal, 1:200), a-tubulin
(rabbit monoclonal, 1:1000), cyclin B1 (rabbit polyclonal, 1:500),
BD Laboratories: BubR1 (mouse monoclonal, 1:500), Aurora B
(mouse monoclonal, 1:200), Chemicon: Bub1 (mouse monoclonal,
1:50), Cortex Biochem: anticentromere autoimmune serum
(CREST; human monoclonal, 1:100), Abcam: centrin1 (rabbit poly-
clonal, 1:200), CDC27 (mouse monoclonal, 1:2000), CDC20 (mouse
monoclonal, 1:1000), securin (mouse monoclonal, 1:50), Smc1
(rabbit polyclonal, 1:200), Calbiochem: Plk1 (mouse monoclonal,
1:1000), Upstate Biotechnology: phospho-histone H3 serine 10
(H3S10ph, rabbit monoclonal, 1:500), and Sgo1 (from Prof. Y.
Watanabe, University of Tokyo) [16].
2.3. Immunoﬂuorescence
Cells were ﬁxed using 4% PFA in PBS, permeabilized with 0.2%
Triton X-100 in PBS and blocked in 1% BSA for 30 min at 37 C. Cells
were incubated with the primary and secondary antibodies for 1 h
each with three PBS washes. DNA was counterstained with 1 lg/ml
DAPI. Spread chromosomes were prepared as described [14].
2.4. RNA interference (RNAi) and rescue experiments
Two small interfering RNA (siRNA) sequences were chemically
synthesized: siRNA-1: 50-CUACCGGACACCAGAGUAA-30 and siR-
NA-2: 50-CCAAAGAAUGGCUGAUUGAdTdT-30. As described previ-
ously [17], 100 nM of the siRNA duplexes were transfected into
HeLa cells using Lipofectamine 2000 (Invitrogen). A ﬁreﬂy lucifer-
ase siRNA sequence (50-CGUACGCGGAAUACUUCGAdTdT-30) was
used for control. The Aurora-B siRNA sequence was previously de-
scribed [18]. Cells were assayed 72 h after RNAi. A rescue vector
against siRNA-1 was constructed. Primers were designed to create
three silent point mutations by site-directed mutagenesis. The
resulting RRS1 rescue vector (RRS1rv) contained the following se-
quence: 50-CTACAGGCCACCAGAGCAA-30 (silent mutations are
underlined). Cells were transfected with either the pEGFP-C1 vec-
tor without RRS1 or with RRS1rv using FuGene6 (Roche), RNAi was
performed 12 h later. Cells were harvested and assayed 72 h after
RNAi. Alternatively, cells were treated with 20 lM MG132 or with
0.1 lg/ml colcemid 3 h before harvest.
2.5. FACS analysis
Approximately 5  104 HeLa cells were seeded on a 90 mm dish.
A day after seeding, the cells were transfected with either control
or RRS1 siRNAs. The cells were incubated with trypsin–EDTA at
37 C for 5 min after which the aspirated medium was used to
reconstitute the cells. After ﬁxation in ice-cold 70% ethanol and
incubation with 0.2 mg/ml RNaseA, propidium iodide (PI) was
added to the cell suspension at the ﬁnal concentration of 50
lg/ml. After 30 min of PI staining at 4 C, the cells were subjected
to EPICS ALTRA cell sorting system (Beckman Coulter).
2.6. Microscopy and image analysis
Cell images were obtained using deconvolution (Delta Vision,
Applied Precision Instruments) and ﬂuorescence microscopy
(Olympus IX81) with a cooled CCD camera (CoolSnapHQ2, Photo-
metrics Inc.) and Metamorph image processing software (v.6.2r6,
Universal Imaging Corporation Inc.). The images were further pro-
cessed using ImageJ (http://rsb.info.nih.gov/ij/download.html) and
Adobe Photoshop. Time-lapse analysis using HeLa-GFP-H1.2 cells
was performed as described [19].3. Results and discussion
3.1. RRS1 is localized in nucleoli and in the chromosome periphery
RRS1 co-localized with other nucleolar proteins, such as nucle-
olin [20] and ﬁbrillarin [21] at interphase (Fig. 1A) and mitosis
(Fig. 1B). During prophase, RRS1 signals were observed on the
disintegrating nucleoli (Fig. 1C). At prometaphase, metaphase
and anaphase, RRS1 was mainly localized in the chromosome
periphery (Fig. 1C). During telophase, RRS1 formed part of the
nucleolus-derived foci and localized on the reforming nascent
nucleoli at cytokinesis. The localization of RRS1 with respect to
centromeric heterochromatin, inner kinetochore and chromosome
periphery was elucidated by staining spread chromosomes with
antibodies against CREST, Aurora B [22] and Ki-67 [23] (Fig. 1D).
At the onset of mitosis, some nucleolar proteins, including Ki-67
[23], nucleolin [20] and ﬁbrillarin [21], are known to disperse in
the cytoplasm, while a subset associates with the condensing
chromosomes. These nucleolar proteins around the chromosome
periphery have been proposed to function in mitotic congression
[24,25]. RRS1 also localized in the chromosome periphery around
kinetochores.
3.2. RRS1 depletion resulted in defects of chromosome congression
The expression level of RRS1 protein was decreased by RNAi
with siRNA-1 (Fig. 2A) and siRNA-2 (Fig. S1A). In contrast, the
expression level of cell-cycle related proteins was not changed.
The mitotic index was increased 72 h after RRS1 knockdown, rel-
ative to the control (Fig. 2B and Fig. S1B). A signiﬁcant increase of
cells at prometaphase (Fig. 2C and D) and mitotic cells with
aberrant chromosome alignment along the metaphase plate was
observed (Fig. 2E and F). These defects were categorized as misa-
ligned, where a few chromosomes are not aligned along a discern-
able plate, or non-aligned, where the chromosomes appeared
scattered with no obvious congression (Fig. 2E and F). Similar phe-
notypes were reproduced using siRNA-2 (Fig. S1C and D). Thus,
we used siRNA-1 for further knockdown analyses. Transfection
with the RRS1 siRNA-resistant rescue vector (RRS1rv) resulted in
lower numbers of misalignment and non-alignment phenotypes,
relative to cells transfected with the pEGFP-C1 vector (Fig. 2D),
suggesting speciﬁcity of these aberrations to RRS1 knockdown.
Live cell imaging analyses using cells stably-expressing GFP-
H1.2 revealed that RRS1 knockdown induced the delay in progres-
sion from prometaphase to anaphase but results in normal segre-
gation (Fig. 2G). The time from nuclear envelope breakdown to
anaphase initiation of most control cells was within 60 min while
that of RRS1-deﬁcient cells was 75–180 min (Fig. 2G). Moreover,
FACS analyses demonstrated that RRS1 depletion resulted in an
increase of cells with 4N DNA contents (Fig. S1E). Taken together
these results suggest that RRS1 depletion resulted in aberrant
chromosome congression which contributed to the delay in mito-
tic progression.
Mitotic cells with elongated spindle poles and multi-polar
spindles with more than two spindle poles with a-tubulin foci
were observed after RRS1 depletion (Fig. S2A and B). Multi-polar
spindles can arise by aberrant ampliﬁcation of centrosome
components [26,27]. Aberrant spindle morphologies induce
abnormal kinetochore–microtubule interactions, which in turn
trigger spindle checkpoint activation [27]. Bub1 and BubR1 were
localized on the kinetochores of aberrant chromosomes (Fig. 2E
and F). Furthermore, the depletion of Aurora B rescued the
mitotic delay (Fig. S3). These aberrations were therefore accom-
panied by spindle checkpoint activation, which is consistent
with the delay at the transition time from NEBD to anaphase
(Fig. 2G).
Fig. 1. RRS1 localization analysis. (A) and (B) Immunostaining images of nucleolar proteins. The localization patterns of RRS1 at interphase (A) and mitosis (B) using the GFP-
RRS1 stably-expressing cell line. Signals of DAPI, RRS1 and other nucleolar proteins (nucleolin or ﬁbrillarin) appear in blue, green and red, respectively. Bar = 5 lm. (C)
Dynamic localization of RRS1 during mitosis using the GFP-RRS1 stably-expressing cell line. Signals of DAPI and RRS1 appear in blue and green, respectively. White arrows
indicate a nucleolus-derived foci while the red arrows indicate a pre-nucleolar body. The yellow arrowheads indicate a reforming nascent nucleolus at cytokinesis.
Bar = 10 lm. Insets, 4 mag. (D) RRS1 localization on the spread chromosomes. Bar = 1 lm. The Right graphs show corresponding the ﬂuorescence intensity proﬁles of the
line scans of regions within white boxes in 5 mag. panels.
A.E. Gambe et al. / FEBS Letters 583 (2009) 1951–1956 19533.3. Precocious sister chromatid separation in RRS1-depleted cells
Chromosome congression requires the centromeric cohesion of
sister chromatids until all chromosomes are properly attached to
the spindle microtubules [5]. We therefore examined whether sis-
ter chromatids retained centromeric cohesion after RRS1 depletion.
The positive staining signals for cyclin B1 and securin indicated
that the RRS1-depleted cells were still before anaphase (Fig. S4A).
Spread chromosomes were prepared after addition of colcemid and
a proteasome inhibitor, MG132, for prometaphase–metaphase and
metaphase–anaphase arrests, respectively. A signiﬁcant increase in
separation of sister chromatids was observed in RRS1-depletedcells in both colcemid and MG132 treatments (Fig. 3A and B). Since
Sgo1 protects the centromeric cohesion of sister chromatids [7,16],
we investigated Sgo1 localization after RRS1 depletion (Fig. 3C).
The expression level of Sgo1 in RRS1-depleted extracts was similar
to control (Fig. S4B), however, Sgo1 signals ﬂanking the centromere
signiﬁcantly decreased after RRS1 depletion (Fig. 3C). These results
indicate that RRS1 depletion led to premature sister chromatid
dissociation due to the perturbation of Sgo1 localization at the
centromeric region.
To examine the cause of Sgo1 localization defects, we per-
formed immunostaining with Aurora B which regulates the centro-
meric localization of Sgo1 [28,29]. Unexpectedly, Aurora B was
Fig. 2. RRS1 knockdown analyses. (A) The protein expression level in RRS1-depleted cells with siRNA-1. The Western blot analysis using HeLa cell extracts was performed
with antibodies against RRS1, CDC27, CDC20, Plk1 and b-actin. (B) The mitotic index after RRS1 depletion with siRNA-1. n = 5, >1000 cells counted.  indicates statistically-
signiﬁcant difference. (C) Classiﬁcation of mitotic phases in control and RRS1-depleted cells with siRNA-1. DAPI-stained mitotic cells were classiﬁed into cells at prophase,
prometaphase, metaphase, anaphase and telophase/cytokinesis. n = 3, >1000 cells counted. (D) Rescue assay with the RRS1 siRNA-resistant rescue vector (RRS1rv) and the
GFP control vector (pEGFP-C1) after RNAi with siRNA-1. Mitotic cells with condensed chromosomes were classiﬁed into cells at prometaphase or metaphase and cells with
non-aligned or misaligned chromosomes. n = 2, >1000 cells counted. (E) and (F) Immunostaining images of two spindle checkpoint proteins, Bub1 (E) and BubR1 (F). Signals of
DAPI, a-tubulin and spindle checkpoint protein appear in blue, green and red, respectively. Bub1 and BubR1 signals were detected on kinetochores of prometaphase
chromosomes in control cells and misaligned and non-aligned chromosomes in RNAi-depleted cells. Bar = 5 lm. (G) Live cell imaging using a GFP-histone H1 stably-
expressing cell line. White arrows indicate misaligned chromosomes. The upper panels show time-lapse images of mitotic cells. The lower panel shows the transition time
from nuclear envelope breakdown (NEBD) to anaphase initiation in control (blue dots) and RRS1-depleted cells (red dots). A white arrow indicates a misaligned chromosome.
Fifty cells were counted for each condition. Bar = 10 lm.
1954 A.E. Gambe et al. / FEBS Letters 583 (2009) 1951–1956localized on the chromosome arms after RRS1 depletion, whereas
Aurora B was normally localized at the centromeric region of mito-
tic chromosomes (Figs. 1D and 3D). In contrast, an outer kineto-
chore protein CENP-E, which is a kinesin-like protein required for
chromosome congression [30], retained its exclusive centromeric
localization (Fig. 3D). The mis-localization of Aurora B was previ-ously observed after Bub1 depletion in Xenopus laevis egg extracts
[4]. Moreover, proper centromeric localization of Sgo1 requires
Bub1 [31]. We, therefore, investigated whether RRS1 depletion
affected the expression levels of Bub1 at the transition from
prometaphase to metaphase. The Bub1 expression level was not
changed after RRS1 depletion (Fig. S4B). Furthermore, Bub1 was
Fig. 3. Precocious sister chromatid separation after RRS1 knockdown. (A) Chromosomes with separated and unseparated centromeric regions. Blue and red signals represent
DAPI and CREST signals, respectively. Bar = 5 lm. Inset, 2 mag. (B) Quantiﬁcation of the phenotypes in A after colcemid or MG132 addition. n = 3, >500 cells counted. (C)
Aberrant localization patterns of Sgo1 after RRS1 knockdown. Blue, red and green signals represent DAPI, CREST and Sgo1 signals, respectively. Bar = 5 lm. (D) Localization
patterns of Aurora B and CENP-E on spread chromosome preparations. Blue and red signals represent DAPI and CREST signals, respectively. Green signals indicate Aurora B or
CENP-E localization. Bar = 1 lm.
A.E. Gambe et al. / FEBS Letters 583 (2009) 1951–1956 1955still targeted to aberrantly aligned chromosomes (Fig. 2E). Consis-
tent with previous results [4], Aurora B mis-localization did not
inﬂuence its kinase activity since the phosphorylation of its sub-
strate, H3S10, was still observed after RRS1 depletion (Fig. S4C).
These ﬁndings suggest an upstream event whereby RRS1 is in-
volved in proper targeting and exclusive localization of Aurora B
at the centromeric region.
However, we cannot exclude the possibility that the mis-local-
ization of Aurora B is a consequence of the precocious sister chro-matid separation. The knockdown of cohesin subunit Scc1/Rad21
in HeLa cells showed similar pattern where Aurora B spreads
along the chromosome arms [32]. At least, the reduction of cohe-
sin expression is not a direct cause of the precocious sister chro-
matid separation in RRS1-depleted cells because the expression
level of a cohesin subunit Smc1 was not changed (Fig. S4B).
Further analyses of RRS1 functions will help elucidate the centro-
meric cohesion puzzle consisting of Sgo1, Aurora B and cohesin
subunits.
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